Plants trigger immune responses upon recognition of fungal cell wall chitin, followed by the 32 release of various antimicrobials, including chitinase enzymes that hydrolyze chitin. In turn, 33 many fungal pathogens secrete LysM effectors that prevent chitin recognition by the host 34 through scavenging of chitin oligomers. We previously showed that intrachain LysM 35 dimerization of the Cladosporium fulvum effector Ecp6 confers an ultrahigh-affinity binding 36 groove that competitively sequesters chitin oligomers from host immune receptors. 37
Since decades, the interaction between the foliar fungal pathogen Cladosporium 70 fulvum and its only host tomato has been studied to unravel the role of pathogen virulence and 71 host defense mechanisms, including mechanisms that revolve around chitin (de Wit, 2016) . monomers require a stretch of at least three exposed GlcNAc residues for binding, and 80 positive allosteric interactions among Avr4 molecules occur during chitin binding to facilitate 81 the shielding of cell wall chitin against host chitinases (van den Burg et al, 2004) . Based on 82 X-ray crystallography it was recently shown that two Avr4 molecules interact through their 83 chitohexaose ligand to form a three-dimensional molecular sandwich that encapsulates two 84 chitohexaose molecules within the dimeric assembly (Hurlburt et al, 2018 (Marshall et al, 2011) . Functional characterization has revealed that Mg3LysM can 98 suppress chitin-induced immunity in a similar fashion as C. fulvum Ecp6. Surprisingly, in 99 contrast to Ecp6 and similar to Avr4, Mg3LysM was additionally shown to have the ability to 100 protect fungal hyphae against chitinase hydrolysis. As expected, based on the presence of a 101 single LysM domain only, a role in suppression of chitin-triggered immunity could not be 102 demonstrated for Mg1LysM (Marshall et al, 2011) . Intriguingly, however, Mg1LysM was 103 characterized as a functional homolog of Avr4 that protects hyphae against hydrolysis by host 104 chitinases (Marshall et al, 2011) . In order to understand how a LysM effector that is 105 composed from little more than only a single LysM domain is able to confer protection of cell 106 wall chitin from hydrolysis by plant enzymes, we aimed to obtain a crystal structure of the Z. 107 tritici effector Mg1LysM in this study. Surprisingly, we discovered that Mg1LysM has the 108 ability to simultaneously undergo ligand-mediated dimerization as well as ligand-independent 109 homodimerization, allowing the formation of a contiguous oligomeric structure that anchors 110 to the fungal cell wall through chitin to confer its protection ability. 111
RESULTS 112
Crystal structure of Mg1LysM reveals ligand-dependent and -independent 113 intermolecular dimerization 114
In order to understand LysM effector functionality, and particularly how Mg1LysM is able to 115 protect chitin against chitinase hydrolysis, the crystal structure of Mg1LysM was determined. 116
To this end, Mg1LysM was heterologously produced in the yeast Pichia pastoris and purified 117 based on the presence of a His-FLAG affinity tag. The large Mg1LysM crystals that were 118 finally obtained by micro-seeding techniques (Bergfors, 2003) belonged to the space group P 119 61 2 2. Some crystals were soaked with the Ta 6 Br 14 cluster and initial phases were determined 120 by the single-wavelength anomalous dispersion technique (SAD; Table 1 ). The initial phases 121 were further improved with the help of an I3C soaked crystal. A native dataset was finally 122 refined to a resolution of 2.41 Å with an Rwork and Rfree of 17.96% and 22.03%, 123 respectively ( Table 1 ). The structure model comprises in total four copies of the complete 124 mature protein sequence except for the first amino acid after the signal peptide for chains A to 125 C and the first two amino acids after the signal peptide for chain D, and one carbohydrate 126 molecule per asymmetric unit (a.u.). 127
As expected, the tertiary structure of the LysM domain of an Mg1LysM monomer is 128 similar to that of previously described LysM domains ( The four Mg1LysM monomers within the a.u. form two pairs of homodimers that are 136 each very tightly packed. The large homodimerization interface that occurs between two 137 monomers was calculated to be 1113 Å 2 using PISA (Protein Interfaces, Surfaces and 138 Assemblies; http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (Krissinel & Henrick, 2007) and 139 is stabilized by a total of 25 hydrogen bonds between residues of each of the monomers. In 140 addition, the crystal structure revealed that the N-terminal 12 amino acid tails of the 141 homodimer run anti-parallel and form a small but stable β-sheet ( 5 ITI 7 of each chain) that is 142 stabilized by clustering of all four isoleucine side-chain residues and by threonine-threonine 143 sidechain hydrogen bonding, potentially strengthening the homodimer (Fig 1) . The latter 144 hypothesis is further supported by the formation of two additional salt bridges formed 145
between Arg 2 of one subunit and Asp 12 of the other one ( Fig 1B and 1C) . The root mean 146 square deviations (rmsd) between the Cα atoms of the two homodimers of the a.u. is 0.267 Å 147 as calculated with Lsqkab of the CCP4 suite (Winn, et al, 2011) . performed without exogenous addition of chitin in this case as well, we concluded that the 159 chitin once more was derived from the cell wall of the heterologous protein production host P. 160 pastoris. Potentially, this finding indicates that Mg1LysM displays an increased affinity for 161 chitin (low micromolar range) when compared with other, single-acting, LysM domains. The 162 chitin binding site is formed by the loops between the first ß-strand and the first α-helix and 163 between the second α-helix and the second ß-strand of Mg1LysM, encompassing the residues 164 26 GDTLT 30 and 56 NRI 58 that are conserved in many other LysM domains including those of 165 Ecp6 (Sánchez-Vallet et al, 2013) (S1 Fig). Remarkably, besides the ligand-independent 166 Mg1LysM homodimerization described above, the crystal structure revealed that chitin 167 induces a dimerization of homodimers and, consequently, that a chitin-binding groove is 168 formed by two LysM domains from two independent protomers (Fig 1, Fig 2) . In addition to 169 the amino acids that are in direct contact with the chitin trimer, the ligand-induced 170 dimerization is strengthened by several hydrogen bonds that occur between residues from the 171 two protomers involved. One salt bridge between residues K 31 and D 54 of the different 172 protomers stabilizes the binding of the single chitin molecule and adds further strength to the 173 dimerization, resulting in a tight binding pocket in which the chitin trimer is strongly bound 174 ( Fig 2) . Arguably, we would expect an increased chitin-binding affinity of Mg1LysM when 175 compared with a single-acting LysM domain, which can explain in turn why the chitin 176 remained adhered to the Mg1LysM protein during the protein purification procedure. 177
In order to determine the Mg1LysM chitin-binding affinity, isothermal titration 178 calorimetry (ITC) analysis was used. Since the crystal structure revealed that a portion of the 179 Mg1LysM binding sites were occupied by chitin in the P. pastoris-produced Mg1LysM 180 preparation, we pursued production of Mg1LysM in the bacterium Escherichia coli as a 181 heterologous system that is devoid of chitin, in order to obtain chitin-free protein. Subsequent 182 ITC analysis based on chitohexaose (GlcNAc) 6 titration revealed that this protein preparation 183 bound chitin with a binding affinity of 4.36 µM (Fig 3) . Furthermore, a stoichiometry of 1:2 184 was observed (n = 0.504) based on a single-binding-site model, analogous to the observation 185 that two Mg1LysM protomers originating from two Mg1LysM homodimers bind a single 186 chitin trimer as disclosed in the crystal structure model. Obviously, this ratio also implies a 187 polymerisation reaction in solution upon addition of the ligand chitohexaose. We first attempted to evaluate the contribution of the ligand-independent Mg1LysM 203 homodimerization to hyphal protection against chitinases. To this end, we pursued to produce 204 an Mg1LysM mutant that lacked the 12-amino acid tail that is involved in ligand-independent 205 homodimerization. Unfortunately, production of this mutant in the heterologous host P. 206 pastoris was not successful, most probably because of protein instability. 207
Subsequently, we evaluated the role of chitin-induced Mg1LysM homodimerization in 208 the protection of fungal hyphae against chitinases by generating three mutant proteins. The 209 T 28 residue that makes direct contact with the chitin substrate in the binding site that was 210 previously shown to be essential for chitin binding in the C. fulvum LysM effector Ecp6 was 211 substituted by arginine. In addition, the two residues involved in the formation of the 212 intermolecular salt bridge near the chitin binding site (K 31 and D 54 ) were substituted by 213 alanines, respectively. In order to obtain chitin-free proteins, production in E. coli was 214 pursued. 215
Based on previous findings for Ecp6 (Sánchez-Vallet et al, 2013), we predicted that 216 the T 28 R mutant was incapable of binding chitin, but the chitin binding capacity of the 217 mutants impaired in the intermolecular salt bridge formation remained to be elucidated 218 (Sánchez-Vallet et al, 2013). Indeed, ITC analysis with the mutant T 28 R revealed a 219 significantly reduced binding affinity of 88.5 μM, which is twenty times weaker when 220 compared with wild-type Mg1LysM protein produced in E. coli (4.36 μM; Fig 3) . However, 221 also the binding affinity of the mutants K 31 A and D 54 A decreased, to 338.9 µM and 46.3 µM, 222 respectively ( Fig 3) . Furthermore, besides a lower chitin-binding capacity, the stoichiometry 223 calculated for the mutants K 31 A and D 54 A changed from 1:2 as observed for the wild-type 224 Mg1LysM protein to 1:1. This finding implies that a single monomer of K 31 A or D 54 A binds a 225 single chitohexaose in solution, whereas a single chitohexaose is bound by two wild-type 226
Mg1LysM protomers, supporting the hypothesis that the chitin-induced dimerization is 227 impaired in K 31 A and D 54 A by disruption of the intermolecular salt bridge (Fig 3) . Furthermore, mutant T 28 R that is mutated in the substrate-binding loop did not protect F. 235 oxysporum and T. viride hyphae against these hydrolytic enzymes ( Fig 5 and S3 Fig) , 236 confirming that chitin-binding of Mg1LysM is required to confer protection of cell walls 237 against hydrolysis by plant enzymes. Considering the even lower chitin-binding activity, it is 238 not surprising that also mutant K 31 A did not protect cell walls against enzymatic hydrolysis. 239
However, also mutant D 54 A no longer protected cell walls, suggesting that a ten-fold 240 reduction of chitin-binding affinity is sufficient to disrupt the protective activity of Mg1LysM. 241
Unfortunately, based on these findings it is impossible to determine the contribution of the 242 dimerization to the protection activity of Mg1LysM. 243
We previously determined that LysM effector Ecp6 has two sites that bind chitin with Considering that Mg1LysM homodimers possess two chitin-binding sites on opposite 261 sides of the protein complex (Fig 1) , combined with the observed chitin-induced dimerization 262 that may be responsible for the protective activity, we hypothesized that Mg1LysM will form 263 highly oligomeric super-complexes in which ligand-independent Mg1LysM homodimers 264 dimerize on both ends in a chitin-dependent manner ( Fig 6A) . Moreover, we hypothesized 265 that LysM effectors that do not protect hyphae against chitinase hydrolysis would not display 266 such oligomerisation. To test these hypotheses, we first assessed whether we could alter the 267 mechanism by which some LysM effectors are able to protect fungal cell walls remained to be 297 characterized. The crystal structure model that was generated in this study has revealed that 298
Mg1LysM is able to undergo chitin-mediated dimerization such that a chitin molecule is 299 deeply buried in the protein dimer. Nevertheless, the structure of the dimer allows a chitin 300 chain to protrude into the solvent on either side of the binding groove, such that it is 301 conceivable that the dimer can be formed on long-chain chitin polymers of any length, 302 including polymeric cell wall chitin. In addition to several noncovalent bounds between the 303 two Mg1LysM protomers and between the protein and the chitin, a salt bridge between the 304 two Mg1LysM protomers strengthens the chitin-binding affinity and thus supports the chitin-305 induced dimerization by stabilizing the chitin binding groove. Arguably, it is this particular 306 trait that confers the ability to protect hyphae against plant chitinases, as disruption of the ion 307 bond in the K 31 A mutant abolished hyphal protection and chitin binding by itself is not 308 sufficient to confer cell wall protection. The crystal structure further revealed that Mg1LysM 309 undergoes ligand-independent homodimerization whereby a large dimerization interface of 310 two Mg1LysM monomers is stabilized by several noncovalent bounds and further 311 strengthened by two salt bridges between the interlaced N-terminal regions of the protein. 312
Despite various efforts, we have not been able to produce monomeric Mg1LysM protein, 313
suggesting that ligand-independent homodimerization is required for proper folding of the 314 protein. Consequently, Mg1LysM homodimers are released and possess two chitin-binding 315 sites on opposite sides of the protein (Fig 1) . Combined with the observed chitin-induced 316 dimerization, we postulate that this provides Mg1LysM with the ability to form highly 317 oligomeric super-complexes in the fungal cell wall, in which ligand-independent Mg1LysM 318 homodimers dimerize on both ends in a chitin-dependent manner, leading to the formation of 319 a contiguous structure throughout the cell wall ( Fig 6A) . Possibly, it is such contiguous 320 structure that provides steric hindrance that renders fungal cell wall chitin inaccessible to 321 chitinase enzymes. Thus, both ligand-independent homodimerization as well as ligand-322 induced dimerization of Mg1LysM appear to be required for its cell wall protective function. 323 Accordingly, residues shaping these regions are fully conserved in all Mg1LysM isoforms 324 that have been identified to date. 325
METHODS 326

Protein production and purification 327
Mg1LysM and mutants were produced in Pichia pastoris strain GS115 and in Escherichia 328 coli. P. pastoris production was performed as previously described (Marshall et al, 2011) . Table 1 . 371 372
Chitinase-protection assay 373
In-vitro chitinase protection assays were performed as described previously (van den Burg molar ratios of 1:0, 1:2 and 1:5 (protein: chitohexaose), respectively. The particle size 641 distribution is indicated as a color scale ranging from blue (lowest amount) to red (highest 642 amount) for a particle size range of 1 nm to 100 um. 643 644 Anomalous multiplicity -9.5 (8.6) 11.1 (11.0) Phasing statistics 
